Members of the family Bunyaviridae cause severe infections in a large and increasing number of people worldwide each year. The family Bunyaviridae contains five genera, and among these, the genus Hantavirus causes two febrile illnesses: hemorrhagic fever with renal syndrome (HFRS) in Europe and Asia and hantavirus pulmonary syndrome (HPS) on the American continent. HFRS accounts for up to 150,000 cases and thousands of deaths annually, while HPS, since its appearance in 1993, has had nearly 2,000 reported cases with a mortality rate above 40% (27) . In nature, hantaviruses are maintained in persistently infected rodents, and the virus is transmitted to humans by inhalation of infected rodent material. Puumala virus (PUUV) is endemic in Norway, Sweden, Finland, Russia, and parts of central Europe. Other hantaviruses not found in Sweden that cause HFRS are Seoul virus, Dobrava virus, and Hantaan virus. PUUV infection usually induces a mild form of HFRS called nephropathia epidemica (NE). PUUV infection can occasionally result in a more serious form of the disease characterized by renal failure and circular shock. For NE, there have been reports of fatal outcome (7, 18, 33) , although the mortality rate is less than 2% (20) .
PUUV is carried by bank voles (Cletrionomys glareolus), and in Sweden, there are 200 to 600 diagnosed cases of NE each year, but the true incidence is considered to be seven to eight times higher (22) . Its presence in Sweden is almost exclusively confined to the northern part of the country, and the prevalence of PUUV-specific antibodies was about 9% in a randomized and stratified population study of the adult population in northern Sweden (1) . Persons at higher risk, such as farmers and forestry workers in areas of endemicity, have prevalence rates up to 18% (1) . The hantaviruses are spherical, enveloped particles 90 to 120 nm in diameter that contain two glycoproteins, G1 and G2, and enclose three unique negative-stranded RNAs designated L, M, and S, which are associated with the protein (nucleocapsids). The L segment encodes an RNA-dependent RNA polymerase. The M segment encodes G1 and G2, and the S segment codes for a nucleocapsid protein (N). Most PUUV isolates have been characterized from rodent sources. However, a unique PUUV was isolated from an NE patient living outside of Umeå, Västerbotten County, in northern Sweden (16) . This isolate has recently been characterized and is the first complete PUUV sequence (PUUV Umeå/hu) from a human source (15) . The findings imply that the diversity between different PUUV isolates is high, and consequently, characterization of local PUUV isolates is important for clinical diagnostic work.
Hantavirus diagnosis using cell culture is tedious and takes a (2, 9) . In our efforts to follow a PUUV infection in vivo, we used a one-step real-time RT-PCR method for the detection of PUUV RNA in NE patient sera from northern Sweden. The technique was useful to determine the level and duration of viremia in NE patients and to identify patients with PUUV infection before the appearance of antibodies.
MATERIALS AND METHODS
Clinical samples. Serum samples from patients with a clinical disease suspected to be NE were prospectively analyzed by immunofluorescence (IF) from November 2003 to May 2006. Samples were handled according to routine instructions and analyzed by IF within 1 to 2 days after sampling. A qualitative two-step RT-PCR and a quantitative one-step real-time RT-PCR analysis were performed later on samples stored at Ϫ80°C. The project was approved by the Research Ethics Committee of Umeå University, Umeå, Sweden.
Construction of synthetic standard PUUV RNA. Standard PUUV RNA was constructed from a pT7Blue-3 vector (Novagen, Darmstadt, Germany) with a cloned 501-bp cDNA fragment of the S gene (strain Umeå/hu; accession no. AY526219). The insert was sequenced to locate the 5Ј-to-3Ј direction and to certify 100% homology to the primers and probe. This was important to ensure the same efficiency in quantitation of the standard curve and the patient samples. The plasmid was linearized with the restriction enzyme SacI and used as a template for RNA transcription using the MEGAscript High Yield Transcription Kit (Ambion, Austin, TX) according to the manufacturer's protocol. The synthesized RNA was incubated with DNase at 37°C for 15 min, purified by phenolchloroform extraction and isopropanol precipitation, and finally resuspended in 40 l of nuclease-free water with 40 U recombinant RNasin RNase inhibitor (Promega, Madison, WI). RNA dilutions of 10 Ϫ4 to 10 Ϫ9 were analyzed by real-time PCR with and without a prior RT reaction step to ensure a DNA template concentration of less than 0.2%. DNA contamination equal to or above 0.2% required DNase treatment of the RNA. The RNA concentration was measured spectrophotometrically, and RNA at Ն1 ϫ 10 8 copies/l was aliquoted and stored at Ϫ80°C. A new tube of standard RNA was used for each real-time RT-PCR experiment and diluted to 2 ϫ 10 6 copies/l of cDNA prior to the RT reaction. The standard cDNA was finally used in 10-fold dilutions from 2 ϫ 10 6 to 20 copies.
Primers and probes. The Primer Express program (Applied Biosystems, Foster City, CA) was used to design primers and probes for both the one-step real-time RT-PCR and the two-step RT-PCR. For the real-time RT-PCR, the selected forward primer, S237 5Ј (5Ј-GGC AGA TGC TGT GTC CAG G-3Ј), and the reverse primer, S304 3Ј (5Ј-CAT CTG GCT CAA TCC CAG TTG-3Ј), were synthesized by DNA Technology A/S, Aarhus, Denmark, and positioned between nucleotides 237 and 304 in the S gene of PUUV strain Umeå/hu. The TaqMan MGB probe S263-282 (5Ј-TGG ATA CAA AGC CTA CTG AT-3Ј) was labeled with 6-carboxyfluorescein at the 5Ј end (Applied Biosystems). For a qualitative method, a two-step RT-PCR was constructed. The same area in the S segment as for the real-time RT-PCR was used as a target. The outer primers amplified a 380-bp fragment using primers S62 5Ј (5Ј-ACC CGC CAT GAA CAA CAA CT-3Ј) and S442 3Ј (5Ј-TAG GGC TTT CAA AAT AAT AGG TAG-3Ј) positioned between nucleotides 62 and 442 in the S gene of strain Umeå/hu. The inner primers S160 5Ј (5Ј-GCA AGC AAG GCA ACA GAC AGT-3Ј) and S347 3Ј (5Ј-TGG CAT TCA CAT CAA GGA CAT T-3Ј) amplified a 187-bp fragment between nucleotides 160 and 347.
Real-time RT-PCR. For preparation of total RNA, a QIAamp Viral RNA kit (QIAGEN) was used according to the manufacturer's instructions. The reverse transcription was performed at 42°C for 45 min in a total mixture of 25 l, containing 12.5 l eluted RNA, RT buffer (Invitrogen, Carlsbad, CA), 5 mM dithiothreitol, 500 M deoxynucleoside triphosphates, 12 ng/l pd(N) 6 IF. Vero E6 cells, cultured in Dulbecco's modified Eagle's medium (Sigma) supplemented with 5% fetal bovine serum (HyClone, Logan, Utah), were infected with the PUUV Umeå/hu strain, washed, and seeded on spot slides in an appropriate concentration. After the slides were dried overnight at room temperature, cold acetone was used for fixation, and the slides were then stored at Ϫ70°C. For IgG analysis, patient serum was added in stepwise dilutions in phosphate-buffered saline (PBS) to the slides and incubated at room temperature for 60 min. The slides were washed with PBS for 10 min and then rinsed carefully with distilled H 2 O three or four times. They were then incubated for 60 min at 37°C with fluorescein-conjugated rabbit anti-human IgG (F202; DAKO A/S, Glostrup, Denmark) diluted in PBS with Evans blue. After the slides were washed as described above, they were mounted and analyzed in a fluorescence microscope. For IgM analysis, patient serum was pretreated with Rf-absorbent (Virion‫گ‬Serion GmbH, Würzburg, Germany) to eliminate possible interference of rheumatoid factor and PUUV-specific IgG. The slides with diluted samples were incubated overnight at 37°C. After the slides were washed as described above, fluorescein-conjugated rabbit F(abЈ) 2 anti-human IgM antibodies (F0317; DAKO A/S, Glostrup, Denmark) diluted in PBS with Evans blue were added and incubated for 60 min at 37°C. Washing, mounting, and analysis were performed as described above for IgG.
Statistics. Sensitivity, specificity, positive and negative predictive values (PPV and NPV), and 95% confidence intervals were calculated with standard formulas using IgM antibody response analyzed by IF as the reference standard.
RESULTS

Specificity of real-time RT-PCR primers.
PUUV strains circulating in bank voles from Sweden belong to two distinct genetic lineages (11, 21) separated by a contact zone located south of Umeå in central Sweden (13, 30) . For a reliable detection of PUUV RNA in NE patients from the region of endemicity in northern Sweden, it was important to design a real-time RT-PCR method able to detect multiple local PUUV isolates that might vary in their sequences. For this purpose, RNA was prepared from lung tissues of 11 different bank voles trapped within the northern Swedish county of Västerbotten. The real-time RT-PCR primers and probe were selected from a viral-RNA region with low sequence variability. The RNA was first reverse transcribed, amplified with primers from the S segment, and finally sequenced (14) . An alignment of the sequences obtained, including the human isolate strain Umeå/hu from the same region (15) , resulted in the design of the primers and probe described in Materials and Methods with no mismatches allowed.
Linear range, limit of detection, and precision study. Threshold cycle (C T ) values obtained from PUUV cDNA were plotted against the logarithmic concentrations of the serial dilutions. The assay showed linearity over a range from 20 to 2 ϫ 10 6 read copies, and the correlation coefficient of the analysis was above 0.98 to 0.99 for all the experiments included in this study ( Table 1 ). The reproducibility of the assay was established by measuring inter-and intra-assay variability on PUUV dilutions representing both synthetic plasmid RNA/cDNA and genomic RNA/cDNA. Samples of synthetic RNA representing 2,000,000 copies down to 20 copies and genomic RNA representing 20,000 to 2 copies were tested in triplicate in experiments done for 10 consecutive days. The mean coefficient of variation (CV) of C T values within the experiments (intraassay) and between different experiments (interassay) were 0.12 to 1.45% and 0.43 to 1.59%, respectively ( Table 1) .
Specificity of the PUUV real-time RT-PCR. The viral specificity of the real-time RT-PCR was demonstrated by analyzing DNA and RNA viruses that could potentially be found in serum or plasma in humans. The viruses were tested at an approximate concentration equivalent to 10 3 to 10 4 viruses/ PCR in normal human plasma. All of the following viruses gave negative PCR signals: cytomegalovirus, Epstein-Barr virus, varicella-zoster virus, human herpesvirus 6, adenovirus type 3, parvovirus B19, enterovirus (coxsackievirus B5), influenzavirus A, influenzavirus B, hepatitis B virus, and hepatitis C virus. The probe and the primers involved in both assays were also aligned with all sequences of the GenBank and EMBL databases using the PubMed NCBI BLAST program and showed no significant homology to any organism available except PUUV.
The quantitative one-step real-time RT-PCR compared to a qualitative two-step RT-PCR. To evaluate our new real-time RT-PCR assay with patient samples, we used a laboratorydesigned two-step RT-PCR used previously by us to detect PUUV RNA. We analyzed serum samples from 47 patients with clinical suspicion of NE by both techniques and found 100% concordance between the assays. Both assays detected 34 positive PUUV RNA samples and 13 negative samples ( Table 2) . One of the 34 samples (no. 11) was deemed weakly PUUV RNA positive by two-step RT-PCR but was clearly positive with the one-step real-time RT-PCR ( Table 2) .
IgM antibody response compared to PUUV viremia detected by real-time RT-PCR. In total, we studied 100 serum samples from 100 patients with clinical suspicion of NE for PUUV antibodies and PUUV RNA. All were analyzed by IF in the routine clinical diagnostics for PUUV IgM, and 44 (44%) patients were clearly IgM positive, 7 were weakly positive, and 49 were negative ( Table 2 ). All 100 samples were eligible for analysis by real-time RT-PCR, and 41 of these (41%) were positive for PUUV RNA (Table 2) . When comparing IgM and PUUV RNA results, we found that of the 44 clearly positive IgM patients, 37 were PUUV RNA positive and 7 were negative (Table 2 ). When we studied the backgrounds of these seven PCR-negative patients, we observed that six of the patients were diagnosed in the southern part of Sweden and their samples had been sent to us for further analysis. The PCR primers and probes we used were specifically designed to detect PUUV sequences isolated from the region of endemicity in northern Sweden. We investigated the specificity of our assay by analyzing 10 IgM-positive NE patients from southern Sweden included in our material. Only 4 of the 10 (40%) patients from southern Sweden were PUUV RNA positive compared to 33 of 34 (97%) from northern Sweden, confirming the specificity of our primers (Fig. 1) .
Seven samples (no. 45 to 51) represented a select group of patients with a weak or diffuse positive response in IgM ( Table 2 ). Three of the seven patients (43%) were confirmed by PCR to have ongoing PUUV infections. All three of these samples had relatively low levels of IgG (samples 45 to 47), indicating detection of PUUV RNA relatively early after infection (Table 2) .
In the study, there were 49 patients from northern Sweden with clinical suspicion of NE but no IgM antibodies. In 48 of the 49 IgM-negative samples, there were no IgG antibodies and no PUUV RNA, indicating no PUUV infection. These patients had not received the correct clinical diagnosis and had c Consistency (intra-assay CV) and reproducibility (interassay CV) for the real-time RT-PCR method. The copy numbers were spectrophotometrically calculated for the template RNA used in the plasmid reactions but only approximated for the genomic PUUV RNA/cDNA.
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HANTAVIRUS VIREMIA ASSESSED BY REAL-TIME RT-PCR 2493 a disease other than NE, and they could be regarded as negative controls. Interestingly, in one IgM/IgG-negative sample (no. 52), more than 250,000 copies/ml of PUUV RNA were detected in the patient serum (Table 2 ). This PUUV RNApositive sample originated from a patient sampled only 4 days after a clinically diagnosed outbreak of NE, and 4 days later, the patient was clearly IgM positive (data not shown). The patient's spouse had NE, and the apprehensive patient visited the hospital as soon as the first weak symptoms appeared. Thus, this sample was collected very early after PUUV infection.
To summarize, all patients we studied were originally clinically diagnosed with suspected NE. At serological analysis, 49 patients from northern Sweden were IgM negative and were considered not to be infected with NE. The real-time RT-PCR confirmed 48 of these samples to be negative, resulting in a clinical specificity of 98% (confidence interval [CI], 93%, 99%), while the clinical sensitivity was 97% (CI, 90%, 99%) ( Table 3 ). The PPV and NPV were 97% (CI, 90%, 99%) and 98% (CI, 93%, 99%), respectively ( Table 3 ). The patient with the IgM-positive sample that was PCR negative had a high IgG response, and possibly the viremic phase had passed. Interestingly, one of the IgM-negative samples was PCR positive, and thus, we could diagnose this patient as suffering from NE by PCR alone, actually increasing the clinical sensitivity of the PCR assay compared to the IgM assay. Also, three of seven patients with indeterminate IgMs were positive for PUUV RNA, which further improved the clinical sensitivity.
Kinetics of PUUV viremia in NE patients detected by realtime RT-PCR. The pathogenesis of a PUUV infection involves the spread of virus through the blood, and we wanted to study PUUV viremia and antibody levels in patients with clinically diagnosed NE. Since this was a retrospective study and patients were not originally studied with the intent of following the kinetics of PUUV infection, we were fortunate that samples from six patients were accessible for analysis. The patients were followed after their first admittance to the hospital, and five of the patients showed a decrease of PUUV viremia within a few days after disease outbreak ( Table 4 ). The levels of PUUV RNA viremia at admittance varied between patient samples from 1,800,000 copies/ml to 6,000 copies/ml (Table 4) . For patient A, the level of virus RNA in serum was very high on the third day after disease outbreak and then dropped to low levels 4 days later. This decrease in PUUV viremia was coupled with an increase in IgM and IgG titers ( Table 4 ). The same pattern of disappearance of PUUV viremia and increase of antibody levels was seen for patients B, C, E, and F independent of the actual virus RNA titer. These five patients all b Detected by RT-PCR. After two-step RT-PCR, the amplification product was detected by agarose gel electrophoresis and scored as negative (Ϫ) or positive (ϩ).
c Detected by real-time RT-PCR. d ND, not determined.
became healthy after their hospital stay. Patient D, who died, had a very high viremia, with 1,800,000 copies/ml of PUUV RNA in serum 4 days after disease outbreak. The virus level dropped to 450,000 copies/ml at day 7, but there was only a moderate increase in IgM and no IgG was detected ( Table 4 ). The patient died 16 days after disease outbreak of a cerebral hemorrhage.
DISCUSSION
In this study, we present the development of a real-time RT-PCR that accurately and specifically detected PUUV RNA from NE patients in northern Sweden. With this technique, we were able to determine and follow the levels of viremia in NE patients. When the antibody analysis resulted in a negative or an indeterminate IgM response, the detection of PUUV RNA was of great use. Specifically, we could show that PUUV RNA viremia appeared earlier than IgM antibodies and then gradually disappeared, coupled with an increase in IgM and IgG levels. Hence, the viremic phase declined, identifying a "narrow time window" for RT-PCR detection.
A hantavirus infection normally has an incubation time of approximately 2 to 4 weeks before the appearance of symptoms, accompanied by an immune response with high levels of hantavirus-specific antibodies (32) . By using IF or enzymelinked immunosorbent assay, antibodies are detected in patient serum, and an IgM response indicates recent exposure. The presence of antibodies does not give any information regarding possible PUUV viremia, and a rapidly disappearing IgM response occasionally occurs. Moreover, it has been suggested that a negative IgM result excludes hantavirus infection only at day 6 after disease outbreak (17) . There is serological cross-reactivity between viruses from the genus Hantavirus and both the HPS-causing Sin Nombre virus and the HFRS-causing PUUV and Dobrava, Seoul, and Hantaan viruses (5, 6, 19) . By using RT-PCR with specific primers, followed by sequencing, the exact infecting hantavirus type can be determined. Several reports on detection of PUUV RNA by two-step RT-PCR have been published (4, 12, 23, 24, 26, 35) , but the quantification and kinetics of hantavirus viremia in patients by real-time RT-PCR have not previously been reported. Two reports have evaluated PUUV by real-time RT-PCR using plasmids and virus samples obtained by cell culture (2, 9) . Both studies were performed with primers binding within the S segment of PUUV, a relatively conserved region that we also selected for our primers. By using PUUV RNA, either synthesized in vitro from a plasmid or from the PUUV genome, we showed that the real-time RT-PCR was sensitive, specific, and reliable. We previously developed a qualitative two-step RT-PCR in our laboratory, and we compared this method to our quantitative one-step real-time RT-PCR. For this comparison, we analyzed serum samples from patients with and without clinical suspicion of NE. All patient samples, PUUV positive or negative, yielded the same results with both methods. We concluded that the one-step real-time RT-PCR was favorable as a diagnostic tool for PUUV detection, since we received information regarding the copy number of PUUV RNA and had to perform only a one-step PCR.
The north of Sweden is an area of endemicity for NE, and we based our design of primers and probe for the real-time RT-PCR on PUUV RNA sequences isolated in Västerbotten County in northern Sweden. Since the mutation rate for PUUV is relatively high (21), we wanted to certify a high detection level of NE patients from this area. The genetic characteristics of local PUUVs are of a great importance for the diagnostics of NE. For real-time RT-PCR, the primer sequence is crucial, and great efforts have been made for genetic characterization of different local PUUV isolates of bank vole strains from northern Sweden (14) . These sequences were used for the development of our PUUV real-time RT-PCR and were shown to correlate 100% with the two-step RT-PCR, with primers also selected from PUUV isolates from northern Sweden. When we analyzed IgM-positive patients with clinical suspicion of NE from this area, all but one (33/34) were positive for PUUV RNA. The PUUV RNA-negative patient had a high IgG response, and it is possible that there was no longer viremia in this patient. On the other hand, only 4 of 10 IgM- (11, 21) . A northern and a southern population of bank voles in Sweden can be distinguished by mitochondrial DNA sequences, and they are separated by a contact zone located south of Väster-botten County (13, 30) . Distinct PUUV strains in Sweden are separated by the same contact zone; all patient samples from southern Sweden were collected south of this zone, and the patients had not traveled north of the contact zone prior to their illness. Our results indicated that the separate phylogenetic histories of the northern and southern PUUV strains (25) were the reason for the PCR-negative samples from southern Sweden. To certify this, other primers have to be used to amplify southern PUUV strains isolated from voles or patients, and then the resulting PCR products must be sequenced and compared with PUUV strains from voles and patients in northern Sweden.
The appearance of symptoms in NE patients is often accompanied by a significant immune response. However, the IgM response in early stages may be low (17) , and real-time RT-PCR could be used to detect PUUV RNA at early time points, before the appearance of IgM antibodies, as well as yielding information regarding PUUV viremia and PUUV copy numbers. We detected a high number of PUUV RNA copies in serum from one IgM-negative patient with clinical suspicion of NE, and the patient was clearly IgM positive 4 days later. Furthermore, three of the patients with a weak or diffuse positive response in IgM were confirmed by PCR to have an ongoing PUUV infection. In Chile, the Andes virus, a species within the genus Hantavirus, was also detected by IF and RT-PCR before the appearance of IgM or IgG antibodies (8) . The samples in the study from Chile were from cell cultures infected with serum taken previously from a patient who died from HPS (8) .
We were interested in following a subset of NE patients for a longer period and in collecting information regarding both antibody levels and PUUV RNA viremia. In the NE patients, we found that an increase in antibody response was coupled with a decrease in PUUV viremia. Interestingly, for the patient samples that were collected on days 3 and 4 after disease outbreak, the PUUV RNA copy numbers varied between 6,000 copies/ml and 1,800,000 copies/ml. In four of the patients, the PUUV RNA levels dropped to zero or very low at 4 to 9 days after disease outbreak, while the IgM and IgG levels increased from low to high. In infections with Sin Nombre virus, from the genus Hantavirus, it was found by quantitative RT-PCR that HPS patients had high levels of viremia, correlating with the severity of the disease (31) , and a recent publication supports these findings and suggests that the initial viral load could be used as a prognostic marker (34) . Furthermore, there was a tendency for cases of HPS to be severe rather than moderate when viral RNA was bound to antibodies in immune complexes (32) . However, the authors had no information regarding the neutralizing activities of the antibodies. In the six patients followed in our study, immune complex formation was not analyzed, but there was an increase in antibody titers in all patients except for IgG in patient D, where the infection had a fatal outcome. For this patient, the IgM levels increased, but not to high levels, and the PUUV RNA viremia was still 450,000 copies/ml 7 days after disease outbreak.
Our results indicate that real-time RT-PCR is an efficient, specific, and sensitive method for clinical diagnosis of PUUV viremia and for detecting PUUV RNA at early time points, before the appearance of IgM antibodies. The PUUV realtime RT-PCR, combined with immunological techniques, will also be useful for studies of hantavirus pathogenesis and the effects of antiviral treatment.
